An automated colorimetric inline titration of CO2 concentrations in solvent flow streams using a Teflon AF-2400 tube-in-tube device by O’Brien, M
An automated colorimetric inline titration of CO2 concentrations in solvent 
flow streams using a Teflon AF-2400 tube-in-tube device.  
Matthew O’Brien* 
Lennard-Jones Laboratories, School of Chemical and Physical Sciences, Keele University, Borough of 
Newcastle-under-Lyme, Staffordshire, United Kingdom of Great Britain and Northern Ireland, ST5 
5BG.  
Abstract 
Using a number of open source software components (Python, SciPy, OpenCV, PySerial), together 
with an inexpensive webcam device, an automated inline colorimetric titration methodology was 
developed to measure CO2 concentration levels in organic flow streams emerging from a Teflon AF-
2400 tube-in-tube device. A bisection search algorithm was used in combination with a curve-fitting 
approach to determine colorimetric titration endpoints. The results obtained are consistent with a 
simple ‘negative exponential’ model of permeation/dissolution.  
Introduction 
Carbon dioxide is the principle carbon-containing by-product from fossil fuel combustion. It is also 
released in significant quantities as a result of other industrial processes, including the production of 
cements from limestone. According to a recent 2016 report,[1] the gas is currently being released 
into the atmosphere at a rate of approximately 36.2 billion tonnes per annum. Despite growing 
momentum towards alternative energy sources (nuclear, solar, wind, hydroelectric etc.), as of 2014 
fossil fuels still accounted for around 81% of all energy production worldwide.[2] As CO2 has been 
implicated as a major causative factor in anthropogenic post-industrial climate change, its 
generation and release continues to pose a significant environmental threat.[3]  
In addition to the increased adoption of low carbon energy sources, carbon-capture-and-storage 
(CCS)[4] and carbon dioxide utilisation (CDU also known as carbon capture and utilisation – CCU)[5-
7] have been identified as potential strategies for the mitigation of industrial carbon dioxide release.  
As CO2 has value as a C-1 building block in the chemical synthesis of a number of useful materials,[8-
15] CDU represents an attractive approach that offers both environmental and economic benefits.  
Although CO2 undergoes many reactions in the gas-phase, for the majority of reactions with liquid or 
solid reaction partners it will be necessary to use a solvent. Indeed, it is generally the case in 
chemical synthesis that solvent plays a significant role in determining the outcome and/or efficiency 
of the desired transformation.[16] In order to obtain optimal reaction stoichiometries and kinetic 
parameters for any particular solvent, it will clearly be important to gain control over the 
concentration of CO2 in that solvent.  
We have previously shown[17] that continuous flow gas-liquid reactors based on the semi-
permeable Teflon AF-2400[18-20] fluoropolymer facilitate the efficient, reliable and controllable 
generation of homogenous flow streams of reactive gasses in organic solvents. In addition to 
providing a high degree of control over gas concentration levels, continuous flow approaches to 
organic synthesis readily lend themselves to the idea of direct utilisation of carbon dioxide at the 
point of production, as the gas is being generated.  
Whilst remaining impermeable to the liquid phase, Teflon AF-2400 allows gasses to rapidly permeate 
through its amorphous microporous structure.[21, 22] Initially used in synthetic applications with 
ozone,[23] these devices have since been used with a diverse array of gasses including hydrogen,[24, 
25] ammonia,[26-28] oxygen,[29-34] ethene,[35-37] carbon monoxide,[38, 39] syngas[40] and 
diazomethane[41, 42]. Jensen and co-workers have also used this material to remove an ethene by-
product in a continuous flow application.[43] Importantly, in the context of this present work we, 
and others, have demonstrated their use with carbon dioxide as a gaseous reaction partner.[44, 45] 
Additionally, Teflon AF-2400 has been used in a number CO2 sensing applications, particularly in the 
context of environmental research.[46-48]  
In applications where pressurised gas is required to achieve the desired solution concentration, the 
simple ‘tube-in-tube’ configuration allows an inner Teflon AF-2400 tube to be surrounded by a 
relatively thin jacket of pressurised gas contained in a non-permeable outer tube (Figure 1, which 
shows the diameters of the tube-in-tube device used in this work). This requires only a small volume 
of gas to be pressurised at any time, thus minimising any hazard in the event of a rupture.  
 
 
 
 
 
 
 
Figure 1. Basic schematic of the Tube-in-Tube device. The liquid flowing through the inner Teflon AF-
2400 tubing is represented by the blue colour. The device used in this work had a length of 10 cm.  
 
These devices potentially offer certain advantages over mechanical approaches to continuous flow 
gas-liquid contacting. In systems where gas and liquid flow streams meet at a mixing junction and 
form a biphasic outlet stream, control over the interfacial surface area, which depends on the exact 
morphology of the mixing junction, is by no means trivial and a number of interesting engineering 
approaches to this problem have been developed.[49-51] By providing an alternative mechanism for 
gas-liquid contact, membrane devices directly generate homogeneous flow streams of gas in liquid, 
circumventing many of these issues.  
Jensen and co-workers have performed detailed computational studies on the membrane 
permeation in these tube-in-tube devices which predict relatively straightforward behaviour 
following standard permeation-diffusion models.[52] This is in line with our previous findings using 
hydrogen in dichloromethane,[24] where very rapid saturation was obtained (within a few seconds) 
and where saturation concentrations were proportional to pressure, in accordance with Henry’s 
law.[53]  
We have utilised a number of methods for the determination of gas concentrations in solutions 
generated using these tube-in-tube devices. In the hydrogen study mentioned above we developed 
a novel ‘bubble counting’ technique to quantify the out-gassing of dissolved hydrogen downstream 
of the back-pressure regulator. This gave results which were in agreement with standard burette 
measurements of out-gassing. A burette was also used to measure the out-gassing of dissolved 
oxygen.[30] With carbon monoxide, in-line FTIR analysis provided a convenient method of gas 
quantification.[39] For ammonia, its basic reactivity was utilised in an in-line colorimetric acid-base 
titration.[26] Very recently, the Jensen group have reported an efficient automated approach, using 
mass flow metering, for the determination of gas take-up by solvents in tube-in-tube devices.[54] 
In this manuscript we report the development of an automated inline colorimetric titration of CO2 
concentrations in acetonitrile flow streams generated using a Teflon AF-2400 tube-in-tube device. 
Incorporating a number of open-source software components (OpenCV,[55, 56] Python,[57] 
SciPy[58, 59], PySerial[60]) in combination with an inexpensive webcam device, the methodology 
described builds on our previous research in this area[61-66] and uses a computer-vision 
approach[67] to determine the colorimetric endpoint.  
Due to the acidity of CO2, concentrations of the gas can be determined using a colorimetric titration 
against a known concentration of a basic species. For this work, an aqueous sodium hydroxide 
solution was used in conjunction with a phenolphthalein indicator (which exists in an intensely 
coloured purple dianonic form at pH values above  about 8.2[68]).  
In the titration reaction, one equivalent of hydroxide reacts with aqueous CO2 (which exists in 
equilibrium with the hydrated carbonic acid form H2CO3) to form the bicarbonate anion HCO3
-. 
Excess hydroxide deprotonates the bicarbonate anion to form carbonate, CO3
2-. The apparent pKa1 
value for carbonic acid,[68-70] which combines the equilibrium constant for the (H2O + CO2)/H2CO3 
reaction with the acid dissociation constant for H2CO3 is 6.35 (Figure 2).  
 
 
 
Figure 2. Relevant equilibria in the acid-base reactivity of aqueous CO2.  
The pKa value for bicarbonate, HCO3
-, is 10.33. As such, the lower pH value for the visibility range of 
phenolphthalein, 8.2, will be close to the point of maximum gradient in the intermediate region of 
the titration curve, making it an excellent indicator for this purpose. This is illustrated in Figure 3.   
 
 
 
 
 
 
 
 
 
 
Figure 3. The lower pH visibility limit of phenolphthalein colouration (purple box) superimposed on a 
calculated titration curve for aqueous CO2, showing the overlap with the equivalence point. The 
titration curve was calculated using pHcalc[71], a Python library for the systematic calculation of 
solution pH values[72].  
 
Results and Discussion 
The general setup for the apparatus is shown in Figure 4. Acetonitrile is pumped from a reservoir 
through a tube-in-tube device with an inner 10 cm length of Teflon AF-2400 (corresponding to a 
fixed volume of 0.028 mL). The outer containing tube is connected, via a pressure regulator, to a CO2 
cyclinder. The residence time of the acetonitrile in the tube-in-tube device is determined by the flow 
rate. The CO2 enriched acetonitrile that exits the tube-in-tube device meets a stream of 0.06 M 
aqueous sodium hydroxide solution (which contains phenolphthalein at a concentration of 0.64 mM) 
at the t-piece. The combined flow stream then passes through an active inline mixer to disrupt any 
laminar flow and ensure thorough mixing of the two solutions. This inline mixer consists of several 
small PTFE coated magnetic stirrer bars contained within a narrow glass omnifit column placed on 
the plate of a magnetic stirrer-hotplate (see images provided in the Supporting Information). The 
action of the rotating magnetic field causes the constrained stirrer bars to precess rapidly around an 
average longitudinal axis, facilitating rapid mixing. The mixed solution then passes through a length 
of translucent tubing coiled around a white cylinder. This is enclosed, along with a diffuse LED light 
source and a webcam device, within a light-proof chamber to prevent any interference from 
variation in ambient light levels. The webcam is connected to the control computer which also 
controls the flow rate of the sodium hydroxide titrant solution through an RS232/serial connection. 
The 11 bar (gauge) back pressure regulator prevents the upstream out-gassing of dissolved CO2, 
ensuring homogeneity of the solution.  
 
 
 
 
 
 
Figure 4. Apparatus setup for inline titrations. BPR = back pressure regulator. Phth = 
Phenolphthalein.  
 
The general principle of the in line titration is straightforward. For a particular combination of 
acetonitrile flow rate and CO2 pressure, the amount of CO2 exiting the tube-in-tube reactor per unit 
time is determined by finding the flow rate of the sodium hydroxide titrant required to just reach the 
colorimetric endpoint observed via the webcam. At this point the molar flow rate of sodium 
hydroxide is taken as equal to the molar flow rate of CO2. The concentration of CO2 in acetonitrile is 
then calculated by dividing the molar flow rate of CO2 by the flow rate of acetonitrile.  
In order to determine the colorimetric endpoint in an automated manner, it is necessary to have a 
well-defined metric for colour intensity. The approach adopted in this work treats the [R, G, B] pixel 
colour values from the webcam as analogous to vectors.[61, 73] From the webcam, the colour of the 
solution passing through a defined section of the coiled tubing downstream of the mixer is obtained 
as the [R, G, B] triple averaged over that section of the image. Prior to the start of the pumping 
sequence, a ‘zero-intensity’ calibration [R, G, B] triple is obtained for solution with no 
phenolphthalein indicator. Likewise, a ‘full-intensity’ calibration [R, G, B] triple is obtained for the 
phenolphthalein/NaOH solution alone. The [R, G, B] calibration ‘vector’, c, for the phenolphthalein 
solution itself is then given by the difference between the [R, G, B] triples for the ‘full-intensity’ and 
‘zero-intensity’ calibration solutions.  The [R, G, B] ‘vector’, m, of the solution being quantified at any 
particular time is then the [R, G, B] triple measured at that time minus the [R, G, B] triple of the 
‘zero-intensity’ calibration solution. The proportional ‘scalar projection’, p,  of the measured ‘vector’, 
m, on the calibration ‘vector’, c, is then calculated[74] as an indicator of colour intensity between 
these values:  
𝒑 =  𝒎 ∙
𝒄
|𝒄|
=
𝒎𝑻𝒄
𝒄𝑻𝒄
  
(where mT is the transpose of m).  
Calculated projection values then range from 0 (for a solution with no purple colour) to 1 (for a 
solution with the same purple colour as the phenolphthalein/NaOH titrant solution alone). This is 
illustrated in Figure 5.  
 
 
 
 
 
 
Figure 5. Scalar projection |c’|/|c| of measured [R, G, B] ‘vector’ m onto ‘full intensity’ vector c.  
 
Although the [R, G, B] colour space is clearly not a linear vector space (ranging from [0,0,0] for 
absolute darkness to [255,255,255] for the intensity of light which just saturates the three colour 
channels), this method nevertheless provides a robust measure of colour intensity.  
In addition to the reduction in colour intensity due to the reaction of any CO2 present with the 
sodium hydroxide in the titrant solution, the intensity will also be reduced as the result of simple 
dilution in the absence of CO2. Shown in Figure 6 is a graph showing how the colour intensity 
(calculated as the scalar projection, p) at two fixed flow rates of acetonitrile (0.8 mL min-1 and 1.2 mL 
min-1) varied with the flow rate of the titrant solution. In this case, the Tube-in-Tube device was 
bypassed to prevent the introduction of CO2. The python script used to control the titrant pump and 
to connect to the webcam and calculate colour intensity is provided in the Supporting Information 
files. Measurements were made for 20 titrant flow rates, equally spaced over a range from 0.5 mL 
min-1 to 5 mL min-1. For each flow rate, 15 measurements of colour intensity were made, 5 seconds 
apart. The first 7 measurements (corresponding to 35 seconds) for each flow rate were ignored. This 
time was determined to be sufficient to allow solution to pass through the mixing device and to 
achieve a new ‘steady state’ for each titrant speed. The average values, taken from the following 8 
measurements for each flow rate is indicated by the large red coloured circles. The time series data 
points are shown with smaller pink circles. In practice the titrant flow speeds were ramped 
downwards from 5.0 mL min-1 to 0.5 mL min-1. The time between each data point, and the time 
between each flow rate was the same throughout the run, so the 5.0 – 0.5 mL min-1 flow rate range 
corresponds to a time range between 0 and 1500 seconds. For the range of titrant flow rates 
investigated, the colour intensity displays a reasonably linear response to the flow rate of the titrant 
solution in both cases. As the colour intensity will tend towards an asymptotic maximum (of 1.0) at 
higher titrant flow rates, any data fitting function must behave likewise. From a range of candidate 
functions, the hyperbolic tangent function, tanh, was found to provide an excellent single-parameter 
fit to the obtained data. Shown in Figure 6 are the least-squares curves of best fit for tanh(f/m), 
(where f is the flow rate and m is a single parameter representative of the curve), along with the 
corresponding coefficients of determination (R2 values). These curves were fitted using the 
optimize.curve_fit tool in SciPy (trust region reflective algorithm). The ratio of the m parameter for 
the two curves, 1.46, is in good agreement with the ratio (1.5) of the fixed acetonitrile flow rates, 
consistent with the conservation of colour intensities for mixtures of equal acetonitrile/titrant 
composition. The m parameter can be seen as a rescaling parameter for the horizontal flow axis with 
differing acetonitrile speeds.  
 It should be pointed out that any mathematical fitting functions used in this work, whilst providing a 
good fit to the calculated colour intensity data, are in no way intended to model the concentration 
of any chemical species in solution. The purpose of finding suitable fitting functions is merely to 
provide a better estimate of the horizontal intercept of the colour intensity curve in the inline 
titrations. Importantly, it is clear from Figure 6 that the colour intensity curves will intercept the 
horizontal axis at or very close to zero, indicating that zero colour intensity in the absence of CO2 can 
only be achieved when there is zero concentration of the indicator in its coloured form. In other 
words, for all positive concentrations of titrant/indicator, the annihilation of colour intensity (i.e. at 
the apparent colorimetric endpoint) can only be achieved through reaction with CO2 and not merely 
through dilution effects. 
 
 
 
 
 
 
 
 
 
 
Figure 6. Response of colour intensity to titrant flow rate in the absence of CO2, at two different flow 
rates of acetonitrile.  
In order to test the general validity of the colorimetric titration methodology prior to working with 
CO2 itself, experiments were carried out with known concentrations of acetic acid in acetonitrile. The 
graphs of colour intensity against titrant flow rate for solutions of acetic acid in acetonitrile (at 0.076, 
0.151 and 0.227 M concentrations) flowing at 0.8 mL min-1 are shown in Figure 7, together with the 
previously obtained curve for acetonitrile alone at this flow rate. As with the previous experiment, 
several measurements were made at each titrant flow rate and the average value (shown in blue) 
was taken. The time between each measurement, and the time between each flow rate step was the 
same throughout. In each case, at high titrant flow rates, the curve coincides with the dilution curve 
obtained using acetonitrile alone. At a particular titrant flow rate there is a very sharp drop in the 
colour intensity (to zero) as the flow rate of the titrant drops below that required to maintain 
alkalinity. This was taken to be the colorimetric endpoint. Using a colour intensity of 0.05 as a 
threshold, the highest titrant flow rate giving a colour intensity less than this was taken as an 
approximate lower bound for the colorimetric endpoint. Likewise, the lowest titrant flow rate giving 
a colour intensity higher than this was taken as the upper bound for the colorimetric endpoint.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Colorimetric titrations of known concentrations of acetic acid (0.076, 0.151, 0.227 M) in 
acetonitrile at a flow rate of 0.8 mL min-1. The previously obtained ‘dilution’ curve for colour 
intensity is shown in red/pink.  
Using these values, a plot of the molar flow rate of acetic acid against the molar flow rate of titrant 
at the endpoint is shown in Figure 8. There is a good fit to a straight line passing through the origin 
with a slope very close to 1.0. For each molar AcOH flow rate, the actual matching titrant flow rate is 
between the upper and lower titrant estimates derived from the colorimetric webcam experiment 
(Table 1), indicating general agreement between calculated and actual acetic acid concentrations 
(the blue upper/lower bounds in Figure 8 correspond to the blue dashed lines in Figure 7). 
 
 
 
 
 
 
 
 
 
 
Figure 8. Plot of endpoint titrant flow rates against the molar flow rates of acetic acid. The blue 
upper/lower bounds correspond to the dashed blue lines in Figure 7. The red midpoint indicators 
correspond to the black midpoint indicators in Figure 7.  
 
AcOH  
(mmol min-1) 
Titrant flow range 
(mmol min-1) 
Titrant midpoint 
(mmol min-1) 
0.060 0.058 – 0.073 0.066 
0.121 0.115 – 0.129 0.122 
0.181 0.172 – 0.186 0.179 
 
Table 1. AcOH molar flow rates and the estimated upper and lower titrant bounds from the webcam 
colorimetric experiment.  
 
With the general validity of the colorimetric titration established, a similar experiment was carried 
out using the tube-in-tube device pressurised with CO2. A graph of the colour intensity against titrant 
flow rate for an acetonitrile flow rate of 0.8 mL min-1 and a CO2 pressure of 5 bar (gauge) is shown in 
Figure 9. The situation is broadly similar to that observed with acetic acid. At high titrant flow rates 
(> 4 mL min-1) the colour intensity trace coincides with that for acetonitrile alone. Below 2 mL min-1, 
the colour intensity is essentially annihilated, indicating the complete neutralisation of the hydroxide 
titrant. The endpoint with CO2 is significantly less sharp than that observed with acetic acid. This is in 
line with actual pH titration curves for the two acids and is to be expected given the much closer pKa 
values for the relevant species involved in the carbonic acid equilibria (10.33 and 6.35), compared 
with those for acetic acid (14 and 4.76). A plot of the corresponding calculated titration curves is 
provided in the Supporting Information.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Colour intensity against titrant flow rate for a CO2 pressure of 5 bar and an acetonitrile flow 
rate of 0.8 mL min-1. The previously obtained ‘dilution’ curve for acetonitrile at 0.8 mL min-1 is shown 
in pink/red.  
 
In the experiments carried out so far 20 titrant flow rates, equally spaced over the range from 0.5 mL 
min-1 to 5.0 mL min-1 were used. In order to more accurately determine the colorimetric endpoint, 
which was taken to be the exact point at which the colour intensity was reduced to zero, several 
approaches were considered. Whilst simply sampling at smaller intervals of titrant flow rate would 
by itself provide greater accuracy, this might significantly increase the amount of time taken to 
obtain results. In the context of obtaining CO2 dissolution data for a wide range of different solvent 
systems, it might be desirable to develop more efficient methods. Another approach would be to fit 
the acquired data points to a suitable model, and then derive the horizontal intercept from the fitted 
parameters. A third option would be to use an iterative search approach to ‘home in’ on the 
intercept. As will be described, a methodology combining a bisection search algorithm and a curve-
fitting approach facilitated efficient determination of colorimetric endpoints.  
As the ‘background’ response of the colour intensity to simple dilution was found to be a close fit to 
the tanh(f/m) saturation function, the titration curve was considered to be a modulated form of 
this. The original m parameter of 7.23, which was previously fitted to the simple tanh(f/m) curve for 
the 0.8 mL min-1 acetonitrile dilution experiment was retained in subsequent curve fitting for this 
flow rate. For other acetonitrile flow rates, the m value used was scaled by a factor of r/0.8, (where r 
is the acetonitrile flow rate) consistent with preserving constant colour intensity for dilutions of the 
same composition. Above the endpoint, the colour intensity curve rises from zero and approaches 
the ‘background’ tanh(f/m) dilution curve as a curvilinear asymptotic limit, suggestive of a simple 
shifted negative exponential curve in the form: 
𝒊 =  𝟏 − 𝒆 −𝒌(𝒇−𝒂)    
where f is the titrant flow rate and k and a are parameters. As the actual lower limit of the colour 
intensity is zero, a step function: 
𝑺𝒂 = 𝟏, 𝒇 > 𝒂  
𝑺𝒂 = 𝟎, 𝒇 ≤ 𝒂 
would provide the correct behaviour for flow rates below the endpoint. The overall function is the 
product of the tanh dilution function, the negative exponential function and the step function: 
𝒊 = 𝒕𝒂𝒏𝒉 (
𝒇
𝒎
) · (𝟏 − 𝒆−𝒌(𝒇−𝒂)) · 𝑺𝒂 
 The required horizontal intercept value, a, can then be read directly from the fitted parameters. The 
approach is illustrated graphically in Figure 10 which shows the three separate functions and the 
overall function which is their product. 
 
 
 
 
 
 
 
 
 
Figure 10. Modulating the fitted dilution function (tanh) with a negative exponential function and a 
step function provides an overall response function that provides a good fit to the observed colour 
intensity values (parameters shown were derived from curve fitting to the data shown in Figure 9).  
 As can be seen in Figure 9, the combined function for colour intensity (shown as a green line) 
provides a good fit to the experimental colour intensity data, with a coefficient of determination, R2, 
of 0.995. Removing the data points for flow rates below the endpoint (which, being clamped at zero, 
do not provide any meaningful information and may artificially inflate the R2 value) the R2 value is 
still 0.987. The derived value for the horizontal intercept (the a parameter) is 2.10.  
Having identified a suitable model function, a simple iterative bisection search method[75, 76] was 
adopted which would provide a greater number of data points close to the horizontal intercept.  
The operation of the bisection method is as follows. Starting with an initial titrant flow rate, the 
colour intensity at this flow rate is obtained. If this is below a certain threshold value, the flow rate 
becomes the new minimum flow rate and the next flow rate tried is halfway between the current 
flow rate and the maximum flow rate. If the colour intensity is above the threshold, however, the 
flow rate becomes the new maximum flow rate and the next flow rate tried is halfway between the 
current flow rate and the minimum flow rate. This continues for the required number of iterations 
(or until convergence is reached).  
Whilst the bisection method is capable of converging of providing very accurate convergence flow 
rates, it also susceptible to noise (one stray data point can lead to significant straying from the 
correct value). This is particularly true near the convergence point. By also using the curve-fitting 
approach with the colour intensity data collected during the bisection searches, a greater degree of 
reliability will be obtained. As all titrant flow rates below the colorimetric endpoints would provide 
colour intensities at or close to zero, zero itself would not be a suitable choice as a threshold for the 
algorithm converge on. Instead, a small but finite threshold of 0.05 was used. The python code for 
the algorithm is included in the Supporting Information files. For a particular combination of CO2 
pressure (either 5 bar or 10 bar (gauge)) and acetonitrile flow rate (between 0.2 and 3.6 mL min-1), 4 
bisection searches were run, each starting at a different titrant flow speed. This was done to ensure 
good coverage of the range of titrant flow rates (providing adequate data to fit curve parameters to) 
whilst also obtaining a greater proportion of data points nearer to the horizontal intercept. In each 
search, 9 iterations were run. As the error (the range between the minimum and maximum bounds) 
is halved for each iteration, in the absence of noise this would be sufficient to provide a titrant flow 
rate error of less than 0.009 mL min-1, according to: 
𝜺 =
𝜺𝟎
𝟐𝒏
 
 Where ε is the error obtained, ε0 is the initial error (4.5 mL min-1 in this case, as the initial minimum 
and maximum values were 0.5 and 5.0 mL min-1) and n is the number of iterations.  
 
The flow rates and corresponding colour intensities for a single bisection run (with a starting flow 
rate of 1.5 mL min-1) are shown in Figure 11. The acetonitrile flow rate was 0.6 ml min-1 and the CO2 
pressure was at 5 bar. The colour intensity for each iteration was the average of 60 measurements 
taken 1 second apart. A 30 second wait time, during which no measurements were taken, was 
included between each iteration to allow solution to clear the system. By definition of the bisection 
algorithm, each flow rate lies between the two previous extrema. As can be seen, this was also true 
of the colour intensities, indicating proper convergence behaviour.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Plots of titrant flow rates (A) and average colour intensities (B) for each iteration of a 
bisection search with an initial flow rate of 1.5 mL min-1. The colour intensity threshold of 0.05 is 
shown with a green dashed line in (B). The blue dashed line in (A) indicates the estimated 
convergence flow rate after 9 iterations.  
 
Shown in Figure 12 are the data points obtained for all four iteration runs for this combination of 
acetonitrile flow rate and CO2 pressure. The initial starting titrant flow speeds were 1.5, 2.5, 3.5, and 
4.5 mL min-1 respectively. Data points for each set of iteration are shown in a different colour. The 
curve of best fit for each set of iterations is shown in the same colour at the data points. An overall 
curve of best fit, fitted to the entire set of data points, is shown in black (which practically coincides 
with the curves for the 1.5 and 2.5 mL min-1 data sets). The final flow rate convergence value for 
each set of iterations is shown in yellow, on the 0.05 colour intensity line. As can be seen, there is 
very good agreement between these values. The average titrant flow rate over the four runs, based 
on these final data points, was 1.83 mL min-1, with a standard deviation of 0.019 mL min-1. The 
average calculated horizontal intercept for the fitted sets of curves was 1.746 mL min-1, with a 
standard deviation of 0.014 mL min-1 and the horizontal intercept for the overall calculated curve 
was 1.745 mL min-1. As expected, the titrant flow rate at the horizontal intercept (zero colour 
intensity) was slightly lower than that for a colour intensity threshold of 0.05.  
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Data points and fitted curves from the bisection iteration experiment. CO2 pressure was at 
5 bar (gauge) and the acetonitrile flow rate was 0.6 mL min-1. Each of the 4 sets of iterations was 
initiated at a different initial flow rate (Red: 1.5 ml min-1, Blue: 2.5 mL min-1, Green: 3.5 mL min-1, 
Purple: 4.5 mL min-1). The fitted curves for the Red and Blue data points are obscured by the black 
overall fitted curve (with which they practically coincide).  
 
Using the same approach, a series of experimental runs were carried out for two CO2 pressures, 5 
and 10 bar (gauge), at a number of acetonitrile flow rates. The data for these, along with the fitted 
curves, are shown in Figure 13. The data points for each pressure/flow-rate combination are shown 
in different colours.  
Each data set is the result 4 different bisection searches which commenced at different initial flow 
rates (1.5, 1.5, 3.5 and 4.5 mL min-1 for the 5 bar series, 1.5, 3.2, 4.9, 5.9 mL min-1 for the 10 bar 
series). The fitted curves for the 5 bar series are shown in orange, whilst the fitted curves for the 10 
bar series are shown in green.  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Colorimetric titration data and fitted curves for CO2 at 5 bar gauge (orange, acetonitrile 
flow rates a-f = 0.2, 0.4, 0.6, 1.0, 1.6, 3.0 mL min-1) and at 10 bar gauge (green, acetonitrile flow rates 
a-f = 0.2, 0.4, 0.6, 1.0, 1.6, 2.4 mL min-1).  
 
As the volume of the inner 10 cm tubing of the tube-in-tube device is 0.028 mL, the residence times 
correspond to this value divided by the acetonitrile flow rate. Shown in Figure 14 is a graph of the 
CO2 concentrations derived from the colorimetric titrations plotted against the residence time. The 
data points from the bisection search using the 0.05 threshold of colour intensity are shown in blue, 
the data points using the calculated horizontal intercepts from the curve-fitting are shown in red. 
There is relatively little difference between the two sets.   
For both pressures, the CO2 concentration rises as the residence time increases and the gradient of 
the slope appears to reduce as the CO2 concentration increases, presumably towards a saturation 
concentration at sufficiently high residence times.  
Using a very simple model for the bulk concentration of CO2 (ignoring any cross-section distribution 
within the tube), if the rate of change of the CO2 concentration at any particular time is proportional 
to the difference between the current concentration and the maximum/saturation concentration, 
the following equation would apply:  
𝒅𝒄
𝒅𝒕
= 𝒌(𝑺 − 𝒄) 
where c is concentration, S is the saturation concentration and k is a constant parameter.  
This is easily solved by separation of variables to provide (assuming that c = 0 for t = 0) the following 
equation for c:  
𝒄 = 𝑺(𝟏 − 𝒆−𝒌𝒕) 
This is in good agreement with the data obtained. The corresponding curve of best fit for each CO2 
pressure series (using the data points derived from the horizontal intercepts) is shown as a red line 
in Figure 14. The R2 coefficient of determination was 0.996 for the 5 bar series and 0.998 for the 10 
bar series.  
 
 
 
 
 
 
 
 
 
Figure 14. Plots of calculated CO2 concentrations against residence time in the tube-in-tube device. 
Fitted curves (in red) are for the estimated horizontal intercepts. Residence time = (0.0283 
mL)/(acetonitrile flow rate). CO2 concentration = (titrant flow rate × titrant 
concentration)/(acetonitrile flow rate).  
 
The ratio of the fitted saturation parameter, S, for the two curves (1.86 : 0.942 = 1.97 : 1.0) is in good 
approximate agreement with the ratio of the two absolute CO2 pressures (11 : 6 = 1.83 : 1.0), in 
accordance with Henry’s law. However, as the calculated concentrations obtained under these 
conditions are significantly lower than saturation concentrations, these values can only be treated as 
approximations.  
 
Conclusion 
The computer vision approach developed in this work provides a simple and inexpensive inline 
colorimetric titration for the determination of CO2 concentrations in acetonitrile flow streams 
generated using a Teflon AF-2400 tube-in-tube device. Using the [R, G, B] colourspace values as 
‘vector like’ triples, a scalar projection furnishes a useful metric for colour intensity, facilitating 
automated methods for endpoint determination. An iterative bisection search algorithm was 
employed to converge on equivalent titrant flow speeds according to a set colour intensity 
threshold. A refined determination of colorimetric endpoints (corresponding to the complete 
annihilation of colour intensity) was effected using curve-fitting methodology on the data acquired 
from the bisection search process. The relationship between residence time (in the tube-in-tube 
device) and CO2 concentration appears to follow a simple negative exponential equation, 
c = S(1 - e-kt). This is consistent with a simple permeation/dissolution model where the rate of 
change of concentration is proportional to the difference between the current concentration and 
the saturation concentration.  In the context of CO2 utilisation, particularly in synthetic chemistry 
applications, this highly predictable and inherently controllable behaviour imparted by the tube-in-
tube device will facilitate precise control over reaction stoichiometries and kinetics, leading to 
efficient and scale-invariant transformations. We are currently using this inline colorimetric titration, 
in connection with tube-in-tube devices, to determine CO2 concentrations in a range of organic flow 
streams and will report our findings in due course.  
 
Experimental  
Acetonitrile was purchased from Merck (LiChrosolv® Reag. Ph. Eur. grade). Carbon dioxide was 
purchased from BOC gasses.  A GasArc Techmaster single stage regulator was used to regulate the 
CO2 pressure. A Waters 600 pumping unit was used to deliver acetonitrile. Acetonitrile was delivered 
from a single pump channel. The remaining three pump channels, whilst not used, were primed with 
acetonitrile and attached to a full reservoir of the solvent. A Knauer Azura P 4.1S pump was used to 
deliver the titrant solution. A Newlink USB-0039DBL USB-to-RS232 adapter (purchased from CPC) 
was used to connect the control PC to the Knauer pump (via a crossover /‘null modem’ serial cable). 
The titrant was made from a freshly opened bottle of analytical grade sodium hydroxide (Fisher 
scientific). Phenolphthalein was purchased from Sigma-Aldrich. The titrant solution was stored and 
used under a positive pressure of nitrogen gas. Aside from the Tube-in-Tube device, FEP or PFA flow 
tubing was used (1.0 mm o.d 0.6 mm i.d.) and connected using Omnifit/Diba adapters and 
interconnects (1/4-28-UNF thread). The backpressure regulator was an Upchurch/IDEX type (Kinesis 
UK) and was manually adjusted to provide the desired back pressure of 11 bar (gauge), as measured 
using the pressure meter of the Knauer Azura pump. The webcam used was a Microsoft Lifecam-
Cinema. All dynamic functions of the webcam (auto-white-balance, auto-focus, auto-exposure) were 
disabled and the same settings (shown in the Supplemental Information) were used for each run. 
The light used was a low-cost 4-LED diffused USB flexible reading light (XY-store/Amazon.co.uk) 
which was powered by a separate USB hub. Full details of the computer control and curve fitting 
processes (including Python source code) is provided in the Supporting Information. Further details 
and images of the Tube-in-Tube and inline mixing devices are provided in the Supporting 
Information.  
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